20 21 In recent years, LIDAR (Light Detection and Ranging) sensors have been widely used to 22 measure environmental parameters such as the structural characteristics of trees, crops and 23 forests. Knowledge of the structural characteristics of plants has a high scientific value due 24
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Introduction 49
Considering the structural aspects of a canopy is important at different scales: individual 50 tree, crop, forest and ecosystem. Foliar spatial arrangement determines the possibilities for 51 resource capture and atmospheric exchange (Phattaralerphong and Sinoquet, 2004) . Plant 52 structure influences many biophysical processes including, photosynthesis, growth, CO 2 -53 sequestration and evapotranspiration (Li et al., 2002; Pereira et al., 2006) . At the forest 54 level, structure plays a key role in the exchange of matter and energy between plants and 55 the atmosphere, and affects terrestrial, above-ground, carbon storage (Van der Zande et al., 56 2006). Aspects of structure can indicate stand developmental stage and its potential for 57 growth, and may also help to predict attributes that are important in stand management, 58 such as stem density, basal area, and above-ground biomass (Parker et al., 2004) . 59
Vegetation structure and diversity are also essential factors that influence habitat selection 60 for animal species in forest ecosystems (Bradbury, 2005) . The distance between the sensor and the target (e.g. leaf, branch) can be measured by two 76 alternative methods: i) measuring the time that a laser pulse takes to travel between the 77 sensor and the target (time-of-flight LIDAR) or ii) measuring the phase difference between 78 the incident and reflected laser beams (phase-shift measurement LIDAR). A LIDAR system 79 is able to create 3D structural datasets with high point densities from which structural 80 variables can be extracted in a computer environment. Many models may also be valuable in agricultural landscapes, with some applications being 100 similar to those used in forest areas and others being specific to agricultural subjects. The 101 special characteristics of agricultural crops make it difficult to apply some techniques to 102 forest plantations. One basic difference relates to the accessibility of the zones of study for 103 people and vehicles. Forest areas are often difficult to access for people and especially for 104 vehicles. However, the transit of both people and machinery within agricultural plantations 105 is guaranteed in most cases. This is highly relevant as, it largely determines the kinds of 106 instrumentation that can be used in each case. This explains the use of 3D LIDAR sensors 107 in ground-based laser studies for forest applications.. The main advantage of using these 108 sensors is that they provide a three-dimensional cloud of points of the measured object. 109 However, the high cost of these instruments limits their use. 110
111
In agricultural applications, however, it is possible to use two-dimensional (2D) terrestrial 112 LIDAR sensors, which are much cheaper to use (Walklate et al.,2002; Palacín et.al., 2007) . The scanner used was a general-purpose Sick LMS200 model: a 2D divergent laser scanner 126 with a maximum scanning angle of 180º, with a selectable lateral resolution of between 127 0.25º, 0.5º and 1º and an accuracy of 15 mm in a single-shot measurement and a 5 mm 128 standard deviation in a range of up to 8 m. The distance between the laser scanner and the 129 object of interest was determined by measuring the time interval between an outgoing laser 130 pulse and the return signal reflected by the target object. Fig. 1 Specific software was developed to control the LMS200 laser scanner and to collect, store 136 and process the data measured by the sensor. In the initial development stage, the LIDAR 137 was interfaced to a computer through a RS232 serial port for data recording and offline 138 processing using a graphic interface developed in MatLab (The Mathworks Inc, Natick, 139 MA). In the final test stage, the LIDAR was interfaced to a Compact FieldPoint 140 programmable automation controller (National Instruments Corporation, Austin, TX) for 141 real time operation. 142
143
The LIDAR was used to obtain vertical slices of the tree surface. Each vertical slice was 144 composed of the points of intersection between the laser beam and the vegetation. The 145 distance between slices when the system runs at 1 km.h -1 is of 20 mm. With a lateral 146 resolution of 1º, the vertical distance between consecutive measurements lies within a range 147 of 10 to 50 mm, depending on the distance between the LIDAR and the measured object. (which was attached to a mobile structure or tractor), which was kept constant in each trial.
In the case of field tests, the speed of the tractor was kept constant by means of its manual 163 velocity control, and its real value was determined by GPS measurements. As a result, the 164 accumulation of the slice contour set of points along the tree row produced a cloud of plant 165 intersection points. Although the LMS200 LIDAR is a 2D laser scanner, the software that 166 has been developed has made it possible to use it as a 3D scanner by moving the sensor in a 167 direction parallel to the row of trees at a known speed. After subsequently converting the 168 polar coordinates of the intersecting points supplied by the LIDAR to Cartesian 169 coordinates, the program exported the x,y,z Cartesian values of each data point in a file 170 format ready to be used by the most common CAD, GIS, statistical and computational 171 software, thereby making 3D modelling and data processing very simple. One of the 172 options of the program allowed us to georeference the data obtained by introducing the 173 real-time coordinates of the LIDAR sensor measured using a GPS system. However, this 174 option is only useful if the GPS system to be used offers precision to within only a few cm. 175 176 2.3. Laboratory tests. 177
The developed system was tested in a laboratory. The laser scanner was fixed to a mobile 178 structure suspended from the ceiling and its linear velocity could be selected by the user. In 179 this way, the LIDAR was able to follow a straight path at a known speed when scanning the 180 object being studied. The first laboratory tests produced 3D measurements of the geometric 181 dimensions (width, height and thickness) of solid objects, such as a PVC tube and a steel 182 frame. The results obtained with the LMS200 LIDAR system were then compared with 183 manual measurements of the same objects. Laboratory measurements of a medium size tree 184 (a Ficus Benjamina Variegata approximately 2 m. high, 0.7 m. wide and with a foliage 185 density similar to that of common Mediterranean fruit trees) were subsequently carried out in order to test the performance of the measurement system in a controlled and reproducible 187 environment. The Ficus was placed inside a steel frame with vertical and horizontal wires 188 that made it possible to divide the plant into 36 cubes for subsequent defoliation. The laser 189 moved in a straight line, with minimum distance of at least 1 metre between the trunk of 190 the plant and the path of the LIDAR sensor. Laboratory tests were carried out at two 191 LIDAR angular resolutions (1º and 0.5º) and three advance speeds (0.5, 1, and 1.5 km.h -1 ). 192
Both the front and rear of the Ficus were scanned using the laser system. 193 194
Measurements with real crops 195
Field measurements with real tree crops were made in 2004 and 2005. Before that, a device 196 was designed that made it possible to accommodate the LMS200 laser scanner on a vertical 197 axis at different heights above the soil surface. This device had four wheels so that it could 198 be moved manually. Alternatively, the system could be mounted in the back of a tractor. 199 The ground surface of the travel path was quite smooth due to frequent tractor travel and 209 compaction. The measured area contained several trees and had a total length of between 210 1.2 and 40 m, depending on the crop. Some known objects were placed, for reference 211 (reference planes), at the exact points where measurements began and ended. These were 212 wooden structures with flat surfaces that the LIDAR detected correctly and they served as 213 references for analysis and the subsequent processing of data. By joining together each 214 cloud of points obtained from the scanner measurements made on both sides of the trees, 215 and following the procedure described in the next paragraphs, it was possible to obtain 3D 216 images of the crops. 217 218
Construction of 3D models of plants 219
Each cloud of points obtained from LIDAR measurements corresponding to a side (left or 220 right) of the trees was independent. Each cloud of points therefore had its own coordinate 221 origin, which coincided with the position of the sensor when measurement started. In order 222 to build 3D models of plants, it was necessary to overlap the points of the two sides of the 223 plants. This implied that all the points obtained had to be registered in a single coordinate 224 system and that the points obtained from one of the measured sides had to be transferred to 225 the coordinate system of the other. The superposition and display of the two clouds of 226 points corresponding to the two sides of the plants was carried out using an automated 227 procedure followed by a manual adjustment. 228
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In the automated phase, the clouds of points were processed using specific software that 230 automatically overlapped them. This software was developed by the authors in VBA 231 (Visual Basic for Applications), making use of the programming resources of AUTOCAD 232 (Autodesk, Inc.). The following flow chart explains how this software works: 233
Step 1a 
Results and discussion 296
There was a good degree of agreement between the results corresponding to solid objects 297 obtained with LIDAR and by manual measurements. This can be seen from comparisons 298 between the real dimensions of the steel frame ( Fig. 6 ) used in the laboratory tests and 299 those extracted from LIDAR measurements. The width and height of the steel frame were 300 measured by both the manual and LIDAR procedures at several points in the structure. 301
Differences between the real dimensions of the steel frame and those obtained using 302 LIDAR were within  15 mm. This was compatible with the system error stated in the 303 technical specifications of the LMS 200 laser scanner (Table 1) . 304 305
The same system error was found for LIDAR measurements of individual vegetation 306 components (leaves and branches) under both laboratory and field conditions. However, a 307 detailed study of laser beam characteristics and its interaction with leaves showed that 308 when the laser beam partially impacted on two leaves, under certain conditions, instead of 309 giving the distance to the first object, it provided an intermediate distance between the two. 310
A laser beam is able to simultaneously impact on two (or even more) plant components 311 because it is several centimetres wide. In fact, due to laser beam divergence, its cross 312 section (and therefore the probability of partial simultaneous impact) tends to increase with 313 distance (for example, transversal beam width increased from 2 cm to 3 cm when the 314 distance from the LIDAR increased from 2 m. to 4 m.). Whether or not the sensor gave the 315 distance to the first object or to an intermediate value depended on the distances between 316 the LIDAR, first, and second object, and also on the distribution of laser intensity. Thus, 317 despite the previously explained restrictions, from the results obtained from laboratory 318 tests, it is possible to conclude that the LIDAR system was able to measure the geometric 319 characteristics of plants with sufficient precision for most agriculture applications. Fig. 8  320 shows an example of a 3D image obtained from a laboratory test. 321
322
As a result of the developed work, a system capable of obtaining the three-dimensional 323 structure of trees and plantations was obtained and used to characterize real crops. The 324 results of field measurements, undertaken in 2004 and 2005 seasons, which were conducted 325 for several types of tree crops (pear trees, apple trees, citrus and vineyard crops) made it 326 possible to obtain 3D digitalized images of crops, from which a large amount of plant 327 information -such as height, width, volume, leaf area index and leaf area density-could be 328 obtained. Figs. 7 and 8 show some examples of the images obtained, which were taken with 329 a digital camera and the developed LIDAR system. These figures show great concordance 330 between the physical dimensions, shape and global appearance of the 3D digital plant 331 structure and real plants and reveal the coherence of the 3D tree model obtained from the 332 developed system with respect to the real structure. This high level of agreement is shown 333 more explicitly in Fig. 9 , where the concordance of the physical dimensions and shape of 334 both foliated branches and leafless areas is very high. The top of Fig. 9 shows the volume 335 occupied by the cloud of points. For some selected trees, the correlation coefficient 336 obtained between manually measured volumes and those obtained from the 3D LIDAR 337 models was as high as 0.976 (e.g. in the case of pear trees, Pyrus communis L. 338 'Blanquilla'). Furthermore, repetitions of these measurements produced similar results. For 339 example, a second test for pear trees produced a correlation coefficient for manual versus 340 laser-estimated volumes of 0.974: very similar to the previous value. 341
342
As explained, the methodology developed made it possible to obtain a satisfactory three-343 dimensional structure of trees and crops in an appropriate format for multiple uses. There 344 is, however, still room to improve the procedure for obtaining 3D images. Indeed, as 345 previously expounded, these images are obtained from known, fixed reference points (the 346 reference planes) and by subsequently overlapping the measurement results corresponding 347 to each side. This procedure is, however, very time-consuming, as several steps must be 348 carried out manually. Much effort is currently being made to achieve measurements and results that can be obtained automatically and without the need to use the planes of 350 reference. This will be possible as soon as GPS systems provide the required level of 351 accuracy at a moderate cost. If, in addition, it is possible to incorporate precision 352 inclinometers into the system, it will also be possible to convert it into a portable 2D 353 ground LIDAR system for the 3D characterization of plantations. 354 355 Likewise, as far as the software is concerned, tools for automatically differentiating 356 between herbs, trunks, branches, leaves and the ground are being developed. At present, 357 this task has to be carried out manually. The same occurs with determinations of the plant 358 volume and other parameters of interest: the newly developed tool will allow these 359 determinations with precision, but still manually and in a time consuming way. Future 360 efforts must therefore also focus on developing tools that can carry out these determinations 361 faster and more automatically. 362 
